Bifunctional glycoside hydrolases have potential for cost-savings in enzymatic decomposition of plant cell wall polysaccharides for biofuels and bio-based chemicals. The N-terminal GH10 domain of a bifunctional multimodular enzyme CbXyn10C/Cel48B from Caldicellulosiruptor bescii is an enzyme able to degrade xylan and cellulose simultaneously. However, the molecular mechanism underlying its substrate promiscuity has not been elucidated. Herein, we discovered that the binding cleft of CbXyn10C would have at least six sugarbinding subsites by using isothermal titration calorimetry analysis of the inactive E140Q/E248Q mutant with xylo-and cello-oligosaccharides. This was confirmed by determining the catalytic efficiency of the wild-type enzyme on these oligosaccharides. The free form and complex structures of CbXyn10C with xylose-or glucose-configured oligosaccharide ligands were further obtained by crystallographic analysis and molecular modeling and docking. CbXyn10C was found to have a typical (␤/␣) 8 -TIM barrel fold and "salad-bowl" shape of GH10 enzymes. In complex structures with xylo-oligosaccharides, seven sugar-binding subsites were found, and many residues responsible for substrate interactions were identified. Site-directed mutagenesis indicated that 6 and 10 amino acid residues were key residues for xylan and cellulose hydrolysis, respectively. The most important residues are centered on subsites ؊2
and ؊1 near the cleavage site, whereas residues playing moderate roles could be located at more distal regions of the binding cleft. Manipulating the residues interacting with substrates in the distal regions directly or indirectly improved the activity of CbXyn10C on xylan and cellulose. Most of the key residues for cellulase activity are conserved across GH10 xylanases. Revisiting randomly selected GH10 enzymes revealed unreported cellulase activity, indicating that the dual function may be a more common phenomenon than has been expected.
Cellulose and xylan are glucose-and xylose-configured biopolymers, respectively, and are the two major constituents of many plant cell wall polysaccharides. Glucose can be readily fermented into ethanol, and the five-carbon xylose is now also a feedstock of biofuels and bio-based chemicals, thanks to the vast progress achieved in recent years in engineered yeasts, Escherichia coli, and other alternative microbes (1, 2) . Therefore, depolymerization of cellulose and xylan, more favorably in a manner of enzymatic catalysis, is required for the current wave of biofuel and biorefinery industries.
Economically viable biocatalysis of cellulose and xylan is dependent on efficient enzymes produced at low cost. Among the many endeavors to reduce the cost of the hydrolysis of plant cell wall polysaccharides by cellulases and xylanases, one is to discover or engineer an enzyme(s) with dual or even multiple functions on more than one substrate. For example, a new endoxylanase activity was engineered into a GH43 exo-acting arabinofuranosidase by site-directed mutagenesis (3) , and a bifunctional cellulase/xylanase was obtained by fusion expression of the Thermotoga maritima Cel5C and XynA (4) . Because cellulose and xylan collectively represent the major plant cell wall polysaccharides for many energy crops and agricultural crop residues, it is of practical interest to screen for or to engineer efficient enzymes with dual activities on cellulose and xylan. Interestingly, although members in many cellulase families have been discovered to have activity on xylan (5) , only few xylanases are observed to have a cellulase activity.
The Gram-positive anaerobic bacterium Caldicellulosiruptor bescii (formerly named as Anaerocellum thermophilum (6)) is a thermophilic extremophile with excellent ability in the deg-radation of plant cell wall polysaccharides (7) and even lignin (8) . Six multimodular, bicatalytic domain-bearing glycoside hydrolases are encoded by a plant cell wall polysaccharide utilization gene cluster (9) . Many of these enzymes in this gene cluster have been biochemically characterized and proven to be efficient in hydrolyzing cellulose, xylan, and mannan, which constitutes the biochemical basis for the high efficiency in plant biomass utilization by this bacterium (10 -15) . We have shown previously that CbXyn10C, the N-terminal GH10 catalytic domain of the multimodular bifunctional CbXyn10C/Cel48B, is one of the few GH10 xylanases to have cellulase activity (13) .
Andrews et al. (16) analyzed the structural and biochemical basis of GH10 xylanases with perceivable activity on cellulose. Later, structure-based engineering of such an enzyme from Streptomyces olivaceoviridis was carried out to improve the cellulase activity (17) . Despite these achievements, it is noticed that the previous studies mainly focused on the residues interacting with the sugar subsites close to where the cleavage takes place (namely Ϫ2, Ϫ1, and ϩ1). The full scenario of the binding cleft of such a type of bifunctional enzyme is not yet available in the literature. With activities against both xylan and cellulose (and also barley ␤-glucan), CbXyn10C serves as a good candidate in industrial applications and therefore represents an excellent model for investigating how this type of enzyme can interact with both xylan and cellulose.
To understand the molecular mechanism underlying the catalytic promiscuity of CbXyn10C with xylan and cellulose, we first carried out biochemical and crystallographic analyses of this enzyme. Then the systematic mutational studies for the predicted residues interacting with the xylan or cellulose were performed. Molecular dynamic simulation was also used to observe behavior of a representative mutant with improved activity on cellulose. Our research provides structural and mutational insights into the roles of the amino acids in substrate catalysis for this GH10 xylanase with dual activities on xylan and cellulose.
Results

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) 5 can be used to characterize the number of substrate-binding subsites (18) . As reported earlier (13), Glu-140 and Glu-248 are the two catalytic residues, respectively. A catalytic-inactive mutant, i.e. E140Q/ E248Q, was therefore constructed, expressed, purified, and used in the ITC experiments. Commercially available ligands, including five xylose-configured oligosaccharides (xylobiose, X2; xylotriose, X3; xylotetraose, X4; xylopentaose, X5; and xylohexaose, X6) and two glucose-configured oligosaccharides (cellopentaose, G5; and cellohexaose, G6) were used in the ITC experiments. The representative data for ITC-binding reactions were given in Fig. 1 . The binding of E140Q/E248Q to both xylo-oligosaccharides and cello-oligosaccharides was basically driven by a large loss of enthalpy with slight acquirement of entropy (Table 1) , similar to the Geobacillus stearothermophilus GH10 intracellular xylanase IXT6 but distinct to extracellular XT6 in terms of the entropy change (18) . The binding constants (K a ) of E140Q/E248Q to xylotriose to xylopentaose were 500 -700 ϫ 10 3 M Ϫ1 , ϳ10-fold higher than that for xylobiose but ϳ2-fold lower than that for xylohexaose. This suggests that CbXyn10C has at least six sugar-binding subsites for xyloseconfigured substrates.
The binding constant of E140Q/E248Q to cellohexaose was about 18 ϫ 10 3 M Ϫ1 , 27-fold higher than that for cellopentaose but about 70-fold lower than for xylohexaose. Taken the ITC data together for both the xylo-and cello-oligosaccharide ligands, it was clear that the binding cleft of CbXyn10C harbors at least six sugar-binding subsites. It is noteworthy that the binding of cello-oligosaccharides was much weaker than that of xylo-oligosaccharides. This is consistent with the finding that CbXyn10C is a robust xylanase with much less cellulase activity (13) .
Next, the catalytic efficiency of CbXyn10C with xylo-and cello-oligosaccharides was determined. This could not be determined for xylobiose, cellobiose, cellotriose, and cellotetraose ( Table 2) . Among the other xylo-oligosaccharides, the catalytic efficiency was lowest for xylotriose (3.3 Ϯ 0.4 mM Ϫ1 s Ϫ1 ). This value increased by 15-fold for xylotetraose (49 Ϯ 3 mM Ϫ 1 s Ϫ1 ), 25-fold for xylopentaose (81 Ϯ 10 mM Ϫ1 s Ϫ1 ), and 99-fold (326 Ϯ 20 mM Ϫ1 s Ϫ1 ) for xylohexaose. The significant trend of ascending further confirmed the notion that there are at least six substrate-binding subsites for CbXyn10C. Low catalytic efficiency was observed for cellopentaose (0.009 mM Ϫ1 s Ϫ1 ), which increased by 4.4-fold for cellohexaose (Table 2) . Although both the binding constants (as determined in ITC) and catalytic efficiencies increased with higher degrees of polymerization for either configuration of the oligosaccharides, we noticed that the catalytic efficiencies from X3 to X6 steadily increased, whereas the binding constants for X3 to X5 appeared to be at the same magnitude. This may be due to the difference in the binding of shorter oligomers to subsites. Only the binding of oligosaccharides to the center of the active site leads to catalysis.
Structure of the free form of CbXyn10C
The crystal structure of the CbXyn10C WT (supplemental Fig. S1 ) was determined at the resolution of 1.34 Å. The data collection and refinement statistics are listed in Table 3 . One polypeptide chain was found in the asymmetric unit. Analysis of the electron density maps indicated that polypeptide chain was ordered from Pro-1 to Ser-336. The continuous electron density was observed even before Pro-1 suggesting that amino acids from expression vector at N terminus are well-ordered. The overall structure of CbXyn10C displayed a typical (␤/␣) 8 -TIM barrel fold and "salad-bowl" shape of GH10 family enzymes. The TIM barrel consisted of a parallel eight-stranded ␤-sheet and seven ␣-helices and was surrounded by two short ␤-strands. In addition, one 3 10 helix at the N terminus was located at the bottom of the barrel. The overall structure of CbXyn10C was similar to those of other GH10 family enzymes, such as the G. stearothermophilus xylanase IXT6 (PDB code 2Q8X; 44% identity) (19) . The root mean square deviation (r.m.s.d.) between IXT6 and CbXyn10C is 0.72 Å over 256 C␣ atoms. The catalytic residues Glu-140 and Glu-248 as well as Glu-46, Lys-50, His-87, Trp-91, Asn-139, His-218, Trp-297, and Trp-305 are strictly conserved and positioned similarly in the active site compared with those in other GH10 family enzymes.
In addition, 1.5-Å resolution structure of the inactive mutant in its free form was solved (data not shown). The conformations of CbXyn10C and the inactive mutant E140Q/E248Q were almost identical because superposition of the two molecules gave an r.m.s.d. of 0.17 Å.
Complex structure of the inactive E140Q/E248Q mutant with xyloheptaose
Although xylohexaose was used in crystallography analysis with E140Q/E248Q, the continuous electron density for seven xylose residues was found from subsites Ϫ3 to ϩ4 ( Fig. 2A ). This could be caused by impurity from xylohexaose. However, we did not find supporting evidence from mass spectroscopy analysis (data not shown). Therefore, the observed seven xylose units were more likely from a superimposed structure of two binding patterns of CbXyn10C E140Q/E248Q having xylohexaose occupying Ϫ3 to ϩ3 and Ϫ2 to ϩ4, respectively. For 
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simplicity, xyloheptaose will be used in the subsequent description. The crystal structure of E140Q/E248Q-xyloheptaose ( Fig.  2A ) was determined at 1.16-Å resolution. The data processing and refinement statistics are also summarized in Table 3 . The structure of E140Q/E248Q complexed with xyloheptaose closely resembles (71% amino acid identity) that of XT6 from G. stearothermophilus complexed with xylohexaose. The coordinates (PDB 4PRW) have been submitted to the Protein Data Bank, but there is no publication date available. With this complex structure, the interaction of CbXyn10C with the xylose-configured substrate could be clearly demonstrated. Xyloheptaose makes numerous interactions with amino acid residues in the substrate-binding cleft. The xylosidic oxygen atom connecting the xylose subunits at positions Ϫ1 and ϩ1 is hydrogen-bonded to the Gln-140 NH 2 group with an N⅐⅐⅐O distance of 2.9 Å. The corresponding Glu-140 could thus reach to protonate xylosidic oxygen atom. Gln-248 is close (3.2 Å) to the C1 carbon of the xylose residue at subsite Ϫ1. In a wild-type enzyme, a corresponding nucleophilic Glu would be poised to directly attack C1 to produce the covalent intermediate. This xylose ring at the reaction site has a distorted boat conformation B 3, O (20) . Hydrogen bonds between the O2 and the side chain of Asn-139, O3 and the side chains of Lys-50 and His-87, and O5 and the side chain of His-218 further enhanced the binding of this xylose residue. Also, the xylose residue at subsite Ϫ2 forms hydrogen bonds with Asn-47, Lys-50, and Trp-297. All remaining xylose subunits (Ϫ3, ϩ1, ϩ2, and ϩ4), but not ϩ3 (hydrogen bonding with Asn-186), do not form 
direct hydrogen bonds with the residues in the substrate-binding cleft. It is common for GH10 xylanases that most hydrogenbonding interactions are located at subsites Ϫ2 and Ϫ1. There is no significant difference for the number of hydrogen bondings with xylan between CbXyn10C and other xylanases (supplemental Table S1 ). However, we can note that the xylose ring packs against hydrophobic flat face of aromatic residues at subsite ϩ1 (with Tyr-185), at ϩ3 (with Tyr-256), and at ϩ4 (with Trp-223). The xylose subunits at subsites ϩ1, ϩ2, and ϩ3 have the lowest average B factor, indicating a tighter binding of the xylose subunits to the inner subsites than to the peripheral subsites. Our observation of strong electron density for these xylose rings indicated that their conformational freedom is clearly reduced by intermolecular interactions with the enzyme.
Complex structure of E140Q/E248Q with cello-oligosaccharides
E140Q/E248Q exhibited weak binding to cello-oligosaccharides in ITC analyses. Using cellohexaose as the longest commercially available cello-oligosaccharide with the strongest binding (Table 1) , we were able to obtain the crystal of E140Q/ E248Q complexed with cellohexaose. The omit electron density map showed fairly substantial density at subsites ϩ4, ϩ3, ϩ2, ϩ1, Ϫ1, and Ϫ2 (Fig. 2B ). The electron density is quite continuous, but there is a break between subsites ϩ1 and ϩ2. In addition, electron density is clearly partial at subsites Ϫ1 and Ϫ2. Generally, the electron density for the cello-oligomer ligand does not correspond to the single molecular structure, which suggests that the observed density is the result of different binding modes of the oligomer, characteristic of the promiscuous activity toward cello-oligomers for this enzyme. However, we were able to refine cellohexaose in the active site occupying approximately the same space as xyloheptaose. The glucose residue at subsite Ϫ1 has a similar boat-like conformation to the xylose residue at the same site. The distance between the C1 atom and Gln-248 is 3.4 Å suggesting that Glu-248 would be able to act as a nucleophile also toward the glucose residue bound at this position. Also, Glu-140 could act as an acid/base catalyst because the distance between the corresponding Gln-140 and glycosidic oxygen would be short (2.9 Å). Glucose ring has an additional C6 -O6 group compared with xylose. In the complex model, it is packed against a flat ring of Trp-305, whose position is slightly moved. In addition, the positions of Trp-91 and the following loop have changed as well as the conformation of the side chain of Tyr-256, which all indicate plasticity in the active site ( Fig. 3 ). The overall changes between the complex structures of cellohexaose and xyloheptaose are small, suggesting that this enzyme is quite able to bind to cello-oligosaccharides and catalyze their hydrolysis.
Molecular dynamics simulation of celloheptaose binding to CbXyn10C
Although the crystal structure of E140Q/E248Q complexed with cellohexaose was obtained, the electron density map is not complete for all the binding subsites. Analysis of CbXyn10C with celloheptaose through molecular dynamics simulation could provide more detailed information of how the enzyme interacts with cellulose. Herein, we docked celloheptaose to the CbXyn10C catalytic site and carried out molecular dynamics simulations employing the program Amber. After docking and subsequent equilibration, stable positions for the ligands were established (Fig. 3 ). In general, both xylo-and celloheptasaccharides were found to be slightly twisted into a conformation that could favor hydrolysis. In the docked complex structure, His-87, Trp-91, Tyr-185, Ile-189, Trp-223, and Trp-305 could interact with celloheptaose via hydrophobic stacking. Residues such as Glu-46, Asn-47, Lys-50, Gln-94, Asn-139, Asn-186, Gln-216, His-218, Asn-220, Tyr-256, and Trp-297 could be involved in hydrogen bonding with celloheptaose. These residues created a narrow, deep cleft at the subsite side.
Contributions of amino acid residues in the binding cleft to catalysis of xylan and cellulose
The schematic diagrams showing the interaction of CbXyn10C with xylan and cellulose were shown in Fig. 4 , A and B. To study the role of active-site residues in the binding of xylo-and cello-oligomers, we mutated a number of residues in the active site to alanine, and the mutants were determined for their relative activities against beechwood xylan and CMC, two model substrates for xylan and cellulose, respectively (Fig. 5, A  and B) . In this alanine screening, residues Lys-50, His-87, Asn-139, His-218, and Trp-297, involved in the hydrogen bonding with xylose at subsite Ϫ2 and Ϫ1, and Gln-216 interacting with xylose at subsite ϩ1 by hydrophobic stacking were found to be critical for xylan hydrolysis because the alanine mutants of these residues retain only 9 -20% of activity (Fig. 5A ). These interactions are highly conserved across the GH10 xylanases (Fig. 6) , and substitution of any of these residues with alanine greatly reduces the activity of the enzymes against xylo-oligosaccharides (21) . The results collectively indicated that the interaction for xyloses at Ϫ2 and Ϫ1 subsites were extremely important for xylan catalysis.
Five residues (Glu-46, Asn-47, Trp-91, Tyr-185, and Trp-305) were found to be moderately important for xylan hydroly- ) and celloheptaose (B) , respectively. The interaction of CbXyn10C with xyloheptaose is derived from crystallographic analysis, whereas that for celloheptaose is from molecular docking and modeling. Note the two catalytic residues (Glu-140 and Glu-248) were both replaced by glutamine here. The unit of the distance is Å.
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sis by CbXyn10C, whose mutation to alanine led to approximately half-residual activities. Among these residues, the side chain of Asn-47 formed a hydrogen bond with xylose at subsite Ϫ2, and Tyr-185, Trp-305, Trp-91, and Glu-46 formed hydrophobic stacking with xylose at subsites ϩ1, Ϫ1, Ϫ2, and Ϫ3, respectively. Taken together, the results indicated that the interactions with moderate importance for xylan hydrolysis were dispersed in the deeply buried region of the cleft (Ϫ2, Ϫ1, and ϩ1) as well as a distal subsite along the seven sugar units.
Comparably, more residues (10) were found to be critical for cellulose catalysis by CbXyn10C rather than 6 for xylan ( Fig.  5B) . These included 4 residues (Glu-46, Trp-91, Tyr-185, and Trp-305) in addition to the 6 residues key for xylan hydrolysis, whose alanine mutants retain 14 -30% activities. Among these residues, Glu-46, Lys-50, Asn-139, Gln-216, His-218, and Trp-297 may be involved in the hydrogen bonding with glucose residues at subunit Ϫ2, Ϫ1, ϩ1, and ϩ2, respectively. His-87, Trp-91, Tyr-185, and Trp-305 (the residue creating steric hindrance for cellulose hydrolysis (16)) formed hydrophobic stacking with the Ϫ1 and ϩ1 glucose, respectively. Mutation of these conserved residues not only reduced their xylanase activity significantly, but also made great reduction in cellulose activity. These implied that residues particularly in the subsites Ϫ2 to ϩ1 are important for binding to both xylo-oligosaccharides and cello-oligosaccharides. For cellulose, as few as only three residues, i.e. Asn-47, Gln-94, and Trp-223, were moderately important for cellulose hydrolysis. The ND2 atom of Asn-47 and Gln-94 may form a hydrogen bond to glucose at subsite Ϫ2, whereas Trp-223 may form a hydrophobic stacking with glucose at subsite ϩ4. Therefore, the interactions with moderate importance in both xylan and cellulose hydrolysis could be at the subsite distal from the cleavage site. In addition, the residues Asn-186, Ile-189, and Tyr-256 were found to be slightly important for hydrolysis of cellulose. Asn-186 and Tyr-256 may form hydrogen bonds with glucose residues at subsites ϩ2 and ϩ3. Residue Ile-189 may form hydrophobic stacking with the glucose at subsite ϩ3.
Improving the xylan-and cellulose-degrading ability of CbXyn10C by modulating the residues at the subsites distal to the cleavage site
For the bifunctional GH10 xylanases/cellulases such as CbXyn10C, recent engineering work has been focused on the subsites close to where the cleavage takes place but not the distal regions. Therefore, in this study, we attempted to investigate whether modulating the residues interacting with the substrates, particularly those in the regions distal to the cleavage site, could enhance the enzyme's catalytic activity or change the substrate specificity. Indeed, both the xylan-and cellulosedegrading ability of CbXyn10C could be tuned up by modulating the residues directly or indirectly interacting with the ligand distal to the cleavage site. For xylan, two alanine mutants W223A and Y256A displayed improved specific activity ( Fig.  5A and Table 4 ). These two mutants were responsible for sandwiching the ϩ3 xylose. A double mutant of W223A/Y256A did not have the additive effect. Mutation of the residues at any other subsites into alanine did not have such an improving effect. For cellulose hydrolysis, no alanine mutants for the residues directly interacting with celloheptaose were found to improve the cellulase activity. Modifying the residues indirectly interacting with the substrates has been proven to be effective in changing substrate specificity of an enzyme (22) . We therefore found that mutation of Glu-52, whose OE2 atom formed a hydrogen bond with NE2 atom of Gln-94 (supplemental Fig.  S2 ), to alanine improved the activity to 1.3-fold (Table 4) . Moreover, additional mutants of Glu-52 to other residues, including E52G, E52Q, E52R, E52T, E52P, E52W, and E52V, also had increased activity on cellulose to a similar level.
Kinetic analysis of selected mutants
The catalytically more active mutants for xylan, which were W223A and Y256A (Fig. 5A) , were selected for further kinetic Figure 5 . Contributions of amino acid residues in the binding cleft to catalysis of xylan and cellulose. The amino acids proposed to interact with xylan and cellulose based on the crystallography and molecular docking analyses were selected for mutation. In addition, Glu-52, indirectly interacting with cellulose via Gln-94, was also selected for mutation. I189E was also tested for its activity against both substrates. The reaction mixture contained 10 nM or 10 M CbXyn10C in pH 6.5 McIlvaine buffer with 10 mg/ml beechwood xylan or sodium CMC. The release of reducing sugars in the reaction mixture was measured using the DNS method. The enzymatic activity of the wild-type (WT) was set as 100%. The data for Q94A is from our previous work (13) .
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analysis. For WT and all mutants, xylan and CMC were used as the representative substrates of xylan and cellulose, respectively. All mutants (W223A, Y256A, and W223A/Y256A) displaying improved specific activity had increased K m values for xylan, indicating that these mutants were impaired in xylan binding. However, all of them had improved turnover numbers (k cat ). Because of the comparably larger increase of K m , their catalytic efficiency all decreased. At the aglycone side of the substrate, Trp-223 and Tyr-256 sandwich the xylose at subsite ϩ3. The K m value of mutant W223A or Y256A lacking this sandwich interaction was higher than the wild type, suggesting that this sandwich interaction plays a significant role in substrate binding. Damage of this interaction might become convenient for the enzyme to release its product. For cellulose, no obvious improvement was observed for these mutants in terms of K m , k cat , and catalytic efficiency.
We did saturation mutagenesis for Glu-52. It was discovered that most, if not all, mutants had increased activity on cellulose. Except for E52D, E52P, and E52W, the other five selected mutants of Glu-52 had a very similar K m value to the wild-type but significantly increased k cat values (Table 4 ). This led to increased catalytic efficiency to ϳ2-fold that of the wild type. Their kinetic parameters for xylan were very similar to those of WT. Unlike these mutants, the kinetic parameters did not change much for the E52D mutant even for cellulose. The E52D mutant had an aspartate replacing the glutamate. These two residues are very like each other in character, likely accounting for the observed similar kinetic parameter for E52D and WT. With two hydrogen bonds, Glu-52 interacted with Gln-94, whose side chain formed three hydrogen bonds with atom OD1 of Asn-47, atom NZ of Lys-50 and HO-C6 of subsite Ϫ2, respectively (supplemental Fig. S2A ). By replacing Glu-52 with Ala, the E52A mutant formed only one hydrogen-bonding interaction with subsite Ϫ2 (supplemental Fig. S2B) . A 50-ns molecular dynamics simulation was performed for WT and E52A with cellulose, and the distance between the NE2 atom of Gln-94 and HO-C6 of subsite Ϫ2 were plotted in supplemental Fig. S2C . The simulation result suggested that the E52A mutation did not result in significant impairment in binding of the enzyme to cellulose, but it appeared to bring more flexibility to Gln-94, which could form a steric hindrance when CbXyn10C hydrolyzes cellulose, as reported by other researchers (16) and our group (13) .
Discussion
In this study, the binding cleft of CbXyn10C was found to have at least six binding subsites. The obtained CbXyn10Ccellohexaose structure is the only crystallized complex structure of a GH10 xylanase with a long cello-oligosaccharide. In addition, the crystallography study in combination with molecular modeling indicated that the far distal regions (Ϫ3, ϩ3, and ϩ4) of the binding cleft are indeed involved in interacting with the ligands via hydrogen bonding or hydrophobic interaction.
The long binding cleft has impact on its ␤-glucanase activity. With this knowledge, we could envision that the binding of CbXyn10C with longer glucose-configured substrates than cellohexaose should be even stronger and therefore more favorable for substrate degradation. This hypothesis could in turn explain why the specific activity of CbXyn10C against longer glucose-configured substrates such as the model crystalline cellulose Avicel (3.4 mol of released sugar/min/mol of enzyme) (13) is at a level comparable with those of "true" cellulases such as a GH9 endo-glucanase (4.5 mol of released sugar/min/ mol of enzyme) (10) and one GH48 cellobiohydrolase (2.2 mol of released sugar/min/mol of enzyme) (11) from the same bacterium C. bescii. Therefore, although the GH10 enzymes with short binding clefts bearing as few as four subsites (such as one GH10 xylanase from Cryptococcus albidus (23)) can efficiently hydrolyze xylan, it appears that a long bind- 
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ing cleft is necessary for efficient hydrolysis of cellulose by CbXyn10C. Moreover, the activity of CbXyn10C on barley ␤-glucan (3400 mol of released sugar/min/mol of enzyme (13) ) is only ϳ10-fold lower than that on beechwood xylan (39,000 mol of released sugar/min/mol of enzyme (13) ), in sharp contrast with the low ␤-glucanase activity exhibited by Cellulomonas fimi Cex (1.1 ϫ 10 Ϫ3 of that on xylan), another GH10 bifunctional xylanase/cellulase that has been detailed for its binding pocket (21) . One reason possibly accounting for the difference may be that CbXyn10C has seven binding subsites, whereas Cex has a short binding cleft with only five subsites (21) , and the distal regions of Cex are not able to accommodate glucose efficiently (16) . At the first sight, there appears to be a paradox: less cellulase activity corresponds to more hydrogen bondings for CbXyn10C interacting with cellulose than with xylan ( Fig. 4) . Note that the binding of CbXyn10C with cellohexaose is weaker than with xylohexaose. Therefore, a well-ordered electron density map cannot be visualized for CbXyn10C-cellohexaose, particularly at subsites Ϫ2, Ϫ1, ϩ1, and ϩ2, where most hydrogen bonding interactions take place. As in the crystallography analysis, multiple binding states probably exist in molecular modeling for the CbXyn10C-cello-oligosaccharides complex, and the predicted hydrogen bondings are derived from a collection of these states rather than from a single state.
Eight of 10 residues in CbXyn10C revealed to be most important for cellulose degradation in this study are well-conserved across the GH10 xylanases (Fig. 6 ). Glu-46 and Tyr-185 are also conserved, but with a few exceptions are replaced by Gly and Thr (for Glu-46) and isoleucine (for Tyr-185). Therefore, we randomly selected three GH10 xylanases previously reported without cellulase activity, which were the CbXyn10A from C. bescii, XynA19 from Sphingobacterium sp. TN19, and XynC01 from Achaetomium sp. Xz-8 (14, 24, 25) . These enzymes were recombinantly produced and purified. We found that CbXyn10A and XynC01, but not XynA19, have perceivable activities on cellulose (8.9 and 3.9 mol of released sugar/min/mol of enzyme for CbXyn10A and XynC01, respectively). The cellulase activity is low, implying that the binding cleft is not optimized for cellulose for these randomly selected enzymes. Nevertheless, this still indicates the cellulase activity may not be limited to only a few enzymes, but it could be more common in members of the GH10 family than as has been expected before. This discovery will undoubtedly expand the searching area of bifunctional cellulase/xylanase, which was previously limited to the cellulase families only.
CelA from the same bacterium has an N-terminal GH9 and a C-terminal GH48 catalytic domain separated by three consecutive family 3 carbohydrate-binding modules and is highly efficient in hydrolyzing crystalline cellulose via a "digging" mechanism (15, 26) . CbXyn10C is the N terminus of a multimodular enzyme CbXyn10C/Cel48B, which is the third most abundant glycoside hydrolase secreted by C. bescii grown on crystalline cellulose (27) . CbXyn10C/Cel48B is extremely similar to CelA at the levels of amino acid sequence and domain organization with the main difference in the N-terminal domain (GH10 for CbXyn10C/Cel48B and GH9 for CelA, respectively). The dual activities of CbXyn10C are hypothesized to serve important roles in plant cell wall polysaccharide degradation by CbXyn10C/Cel48B, and although xylanase activity is responsible for xylan destruction, the cellulase activity of CbXyn10C may cooperate with the C-terminal GH48 domain in hydrolyzing cellulose. We are interested in engineering CbXyn10C for enhanced activities, particularly on cellulose. Previous research from other groups (16, 17) or our group (13) has shown that mutating the non-catalytic residues in the active center at subsites Ϫ2, Ϫ1, and ϩ1 might improve the activity or change the substrate specificity of GH10 enzymes with cellulase activity. In this study, for the first time we showed that by manipulating the non-catalytic interacting residues located at the distal regions of the binding cleft either the xylanase or cellulase activity can be improved. Particularly, mutation of Glu-52 into many residues resulted in nearly doubled activity on cellulose with no large change of xylanase activity. This trait could be used for engineering the full-length CbXyn10C/ Cel48B for enhanced ability to degrade lignocellulosic biomass in the future.
Experimental procedures
Expression and purification of the wild-type and mutant CbXyn10C proteins
The expression plasmid vector for wild-type (WT) CbXyn10C, denoted pET46-CbXyn10C, was reported previously (13) . The expression vectors encoding CbXyn10C mutant proteins, which contained a single or double mutation, including E46A, N47A, K50A, E52A, H87A, W91A, S93A, N139A, Y185A, N186A, Q216A, H218A, N220A, W223A, Y256A, W223A/ Y256A, W297A, and W305A, were constructed by site-directed mutagenesis using the Fast Mutagenesis System (TransGen Biotech, Beijing, China) (see supplemental Table S2 for primer sequences). The integrity of all the expression plasmids was verified by DNA sequencing. These plasmids were individually transformed into the E. coli BL21 (DE3) (TransGen Biotech, Beijing, China) and the recombinant E. coli strains were used for expression. Overproduction and purification of the WT and mutant CbXyn10C proteins were carried out essentially the same as described previously (13) .
The CbXyn10A gene from C. bescii was cloned into pET-28a(ϩ), and the expression plasmid was transformed into BL21(DE3). CbXyn10A was expressed and purified. XynA19 from Sphingobacterium sp. TN19 and XynC01 from Achaetomium sp. Xz-8 were expressed and purified as described previously (14, 24, 25) .
ITC
Isothermal titration calorimetry measurements were performed at 25°C using a MicroCal iTC 200 (GE Healthcare). The double inactive mutant E140Q/E248Q of CbXyn10C was built to avoid the catalytic reaction and concurrent heat change during the titration process in the ITC measurements. Protein was extensively dialyzed against buffer, including 50 mM sodium phosphate, 150 mM NaCl (pH 7.0). All the oligosaccharides tested were also dissolved in same buffer. Each of the oligosaccharides at a desired concentration was repeatedly injected into the protein cell 18 times with the stirring speed set to 1000 rpm.
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The association constant (K a ) was calculated accordingly using the software MicroCal Origin 7.0. The thermodynamic parameters were calculated with both the Gibbs free energy equation ⌬G ϭ ⌬H Ϫ T⌬S and the relationship ⌬G ϭ ϪRT lnK a .
Determination of catalytic efficiencies of CbXyn10C against oligosaccharides
All the oligosaccharides used in this study were purchased from Megazyme (Wicklow, Ireland). The catalytic efficiencies of CbXyn10C on xylo-and cello-oligosaccharides were determined by high performance anion-exchange chromatographypulsed amperometric detector analysis according to the method described by Matsui (28) . The reaction mixtures were prepared with one of the xylo-or cello-oligosaccharide substrates ( 
Assay of enzymatic activity
To determine the specific activities of CbXyn10C on xylan and cellulose, 10 l of appropriately diluted enzyme was incubated with beechwood xylan or sodium CMC in a pH 6.5 McIlvaine buffer (200 mM sodium phosphate, 100 mM sodium citrate) in a total volume of 200 l at the optimal temperature (80°C for cellulose and 85°C for beechwood xylan) for certain periods of time. The released reducing sugars were determined by using the 3,5-dinitrosalicylic acid (DNS) method (30) . The kinetic parameters of the wild-type CbXyn10C and its mutants were determined in the same McIlvaine buffer. The K m and k cat values were estimated by fitting the data to the Michaelis-Menten equation using the GraphPad Prism (version 5.01) software (GraphPad, San Diego). These assays were performed as described previously (13) .
Protein crystallization, data collection, and structure determination
The wild-type (WT) of CbXyn10C and the inactive mutant (E140Q/E248Q) were concentrated to 10 mg/ml in a buffer containing 25 mM Tris-HCl (pH 7.5) and 150 mM NaCl. CbXyn10C WT was crystallized in a mother liquid with 0.1 M citrate (pH 5.0) and 16% (w/v) PEG 20000 using the hanging drop vapor diffusion method in 24-well plates. A protein sample (2 l at 10 mg/ml) was mixed with 2 l of reservoir solution and equilibrated against 500 l of the reservoir solution at room temperature. The WT CbXyn10C crystals were transferred to a reservoir solution supplemented with 25% (v/v) ethylene glycol. The xyloheptaose bound crystal was obtained by co-crystallizing E140Q/E248Q mutant with 2 mM xylohexaose using the reservoir solution of 0.2 M ammonium sulfate, 20% (w/v) PEG8000, and 0.1 M Pipes (pH 7.5). Cellohexaose-bound crystal was grown in the presence of 2 mM cellohexaose and the reservoir solution of 0.2 M ammonium sulfate, 4% PEG20000, and 0.1 M sodium cacodylate (pH 4.5). Obtained crystals were cryoprotected with 25% (v/v) 2-methyl-2,4-pentanediol. The crystals were mounted on a nylon loop and cooled immediately in liquid nitrogen prior to data collection. The diffraction data were collected at 100 K using a synchrotron radiation source ( Table 3) . The data were automatically processed using xia2 (31) . The free enzyme structure of WT was determined by molecular replacement using the structure of xylanase from G. stearothermophilus (PDB code 2Q8X) as a template with the Phaser program. The free form of inactive E140Q/E248Q and its xylohexaoseand cellohexaose-bound structures were solved by molecular replacement using the structure of the refined WT structure. The models were further refined using COOT (32) and Phenix (23) . Hydrogen atoms were included in idealized positions and refined as a riding model. Individual anisotropic ADP for nonhydrogen atoms was refined for E140Q/E248Q complexed with xyloheptaose.
Molecular docking of CbXyn10C with celloheptaose
The complex crystal of E140Q/E248Q with cellohexaose contained six fairly visible glucose units from subsites Ϫ2 to ϩ4. To gain more insights into the molecular mechanism underlying the catalytic ability of CbXyn10C with cellulose, we performed a modeling study by molecular docking of CbXyn10C with celloheptaose. The coordinate files of ligand were prepared in the PRODRG server (33) . The docking of the enzyme with celloheptaose was carried out by using AutoDock Vina (34) . A docking grid with a size of 60 ϫ 60 ϫ 60 Å was used to encompass the partially bound protein-ligand complex. The docked complex was selected by the criteria of interacting energy combined with the geometrical matching quality, and the energy was minimized using YASARA software to resolve atomic clashes (35) .
Molecular dynamic (MD) simulation
The MD simulations were carried out with the AMBER 14 simulation package and repeated twice for each system. The standard AMBER force fields ff99SB and GLYCAM_06j-1 were used to generate the topologies and parameters of the enzyme and substrate, respectively (36, 37) . Each system was immersed in a dodecahedral periodic box of TIP3P water molecules that extended 10 Å from the protein atoms (38) . Cl Ϫ ions and Na ϩ ions were added to neutralize the charge. Before the MD simulations, the water molecules/ions were resolved to minimize energy via 1000 steps, followed by 20,000 steps for the side chains of the protein and then 4000 steps for the whole system to remove potentially poor contacts between the solute and solvent. After energy minimization, the systems were gradually heated from 0 to 300 K over 100 ps, followed by a 50-ns production of MD simulations with a time step of 2 fs at a temperature of 300 K and pressure of 1.0 atm that were controlled by the Langevin algorithm (39) . Long-range electrostatic interactions were treated using the particle-mesh Ewald (PME) method (40) . Bonds involving hydrogen atoms were constrained by the SHAKE algorithm (41) .
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